maintained as they form the new node, or such informaBoston, Massachusetts 02115 tion is correctly established de novo during the process of node formation. Once asymmetric Shh expression is established in the Summary chick embryo, it appears to trigger a molecular cascade that is responsible for later L-R morphological differThe earliest known left-right asymmetric genes are ences. Ectopic placement of Shh protein on the right expressed at Hensen's node during chick gastrulation.
Figure 1. In Situ Hybridization Showing the Temporal Expression Pattern of Shh and Ptc in Embryos from Stages 4 to 7
(A) Shh is expressed at low levels and is uniformly distributed around Hensen's node and the emerging head process until early stage 5. It then becomes expressed at high levels and in an asymmetric fashion on the left side of Hensen's node from stage 5 until stage 7. (B) Ptc is uniformly distributed at low levels around the node area until stage 5ϩ, when it becomes strongly expressed and localized to the the tissue directly adjacent to the head process (red arrows) as well as to a left-sided domain (blue arrows) lateral to the node. This asymmetry persists until at least stage 7.
Xnr-1. From this, the authors infer that the left-sided positional information might be established at the node, we performed a careful analysis of the expression patexpression of nodal must be due to a factor emitted by the embryo's midline that suppresses nodal expression tern of the L-R asymmetric marker Shh from stages 4 to 7 ( Figure 1A ). Shh is weakly expressed without L-R on the right. If this were also the case in the chick, and if Shh does indeed play an endogenous role in the bias both in the node and in the emerging head process until the embryo reaches stage 5. At the beginning of pathway activating chick nodal expression, then Shh would have to act by repressing a bilaterally symmetrical stage 5, when the head process is present but short, Shh is still symmetric in the node. It then becomes asymrepressor of nodal in order to produce the left-sided expression of nodal in the left LPM. metric midway through stage 5, with the asymmetric expression becoming significantly stronger at stage 5ϩ In this study, we address the establishment and transfer of L-R positional information that leads to left-sided and continuing through stages 6 and 7. nodal expression in the chick embryo. We find that the To address whether this asymmetry in gene expresnode at stage 4 is not fixed in its L-R identity. Instead, sion at Hensen's node is established autonomously the peripheral tissue instructs its L-R orientation, sugwithin the node or whether it depends upon instruction gesting that embryonic bilateral asymmetry is first brofrom surrounding tissue, we took advantage of the findken in another location from which it is transmitted to ing by Abercrombie (1950) that the node can be rotated the node. However, establishing L-R information in the 180Њ along its anterior-posterior (A-P) axis and, after node appears to be critical. Our evidence demonstrates healing, gastrulation will continue and a normal embryo that it is necessary for subsequently instructing the L-R will result. We rotated the node at stage 4 prior to the identity of the LPM. Moreover, using a blocking antibody onset of asymmetric expression, and analyzed the emthat prevents endogenous hedgehog signaling we find bryos for expression of Shh at stage 7. Although this that, at least in the chick, asymmetric expression of Shh procedure will transpose cells between the left and right in the node is necessary for nodal induction in the LPM.
sides of the node, we reasoned that Shh expression However, our results also suggest that this induction of would nonetheless be induced on the left side if it were nodal is likely to be indirect via a secondary signal inregulated by lateral signals (Figure 2A ). Alternatively, if duced in tissue directly adjacent to the node. These asymmetric gene expression was autonomous to the experiments allow us to define a time-line of transfer of cells of the node, then Shh expression would be acti-L-R positional information during early chick embryovated on the right side of the midline ( Figure 2B ). Our genesis.
results suggest that Shh expression is regulated by signals from the adjacent tissue, since node rotations at Results stage 4 ( Figure 3A ) resulted in normal, left-sided Shh in the node ( Figure 3B , n ϭ 10). However, once asymmetric positional information is established at the node, it no L-R Information Is Transmitted from Peripheral Cells to the Node and from the longer appears to be influenced by lateral L-R information. When we performed node rotations at stage 5 ( If the L-R identity of the node (represented by pink dots) is transmitted to it by peripheral tissue, then rotating the node 180Њ along its A-P axis before this information is fixed should result in a normal, left-sided pattern of Shh expression (A). However, if L-R orientation is intrinsic to the cells of the node, then rotating it should invert its L-R information, resulting in a right-sided pattern of Shh (B or C). If the asymmetric information in the node directs further induction of asymmetric markers such as nodal, then three scenarios are possible. If the L-R information in the node is correctly restored by the peripheral tissue after rotation, this would result in a correct, leftsided expression of nodal in the left LPM (A). However, if L-R information follows the new orientation of the node, then nodal should Figure 3 . L-R Information Is Instructed to the Node by Peripheral be induced on the right side exclusively (B). Alternatively, if the node Cells behaves according to its new orientation but the LPM cells have When nodes are rotated at stage 4, prior to any sign of a head already "seen" the asymmetric signals, or the peripheral tissue is process and before the asymmetric manifestation of Shh in the node partly able to respecify the information within the node, a bilateral (A), we obtained embryos with left-sided expression of Shh ([B] , red pattern of nodal would result (C).
arrow). When we performed rotations at stage 5 (note darker head process starting to form just anterior to the node), at a time in which Shh is already expressed asymmetrically in the node (C), we observed that the left-sided pattern of Shh was not restored and 3D, n ϭ 10). Instead, the expression was discontinuous was mainly right sided ([D] , blue arrow). Following rotation of the between the notochord and the node and remained right anterior half of the streak up to, but not including, the node at stage sided (blue arrow).
([E], red arrow points to the node), Shh expression is left sided
These results suggest that the cells in the experimen- (F) . Cells on the left side of the node that have been labeled with tal stage 4 node are given L-R information after rotation.
DiI do not return to the left side of the embryo following rotation.
However, formally, an alternative possibility could be labeled cells within the left side of the node with DiI just prior to rotation. By stage 7 the DiI label is seen anterior to the node in the notochord and head process as well to the node within the primitive streak. We find that cells from both lateral ( Figure 3I ) as well as posterior (Figure as the node itself, but it remains exclusively on the right side ( Figure 3G ). Hybridization of the same embryos 3K) locations migrate into the node and are present in the region expressing Shh at stage 7 (Figures 3J and verifies that asymmetric Shh expression is on the left side of the rotated node ( Figure 3H ). Hence, there is no 3L) as well as anterior to the node. Thus, the surgical rotation at stage 4 does not disrupt the normal gatrulareassortment and the cells of the node are not committed to L-R-specific gene expression at stage 4. tion patterns at the node. However, in addition to these transitory cells migrating through the node, we also obIn principle, L-R information could be conveyed to cells in the node either by intercellular signaling from served cells remaining in the node throughout this time frame ( Figure 2F ), consistent with the previous finding adjacent tissues or by cell migration into the node. To test whether cells residing outside the node at the time that there is a resident population of stem cells within the node (Psychoyos and Stern, 1996) . Thus, we cannot of rotation migrate into the node following surgery, we used DiI to label cells on the left side either within the eliminate either the possibility of cell migration or signaling for the transfer of L-R information. ectoderm 100 m lateral to the stage 4 node or posterior Since cell migration as well as potential signaling originates both lateral and posterior to the node, we examined which of these regions might be responsible for providing L-R information to the node. To test whether cells of the primitive streak convey L-R information to the node, the anterior half of the streak up to but not including the node ( Figure 3G ) was rotated 180Њ at stage 4. Although the cells of the primitive streak were L-R reversed, such embryos developed with normal L-R gene expression ( Figure 3H , n ϭ 7), suggesting that L-R patterning of the node is not dependent on L-R information in the streak. While, unfortunately, equivalent experiments reversing the tissue to the left and right of the node were not technically feasible, the streak rotations are most consistent with the left-right information originating lateral to the node.
The finding that L-R positional information resides in tissue lateral to the node prior to asymmetric Shh expression raises the possibility that this perinodal tissue might also be responsible for signaling L-R information to the LPM, rather than the positional information coming from the node itself. To address this possibility, we repeated the node rotation experiments and assesed nodal expression at stage 9. If the node asymmetries are not responsible for imparting L-R information to the LPM, then nodal should be expressed in the left side in all operated embryos regardless of their stage. If, on the other hand, signals from the node are indeed responsible for determining the side on which nodal is expressed in the LPM, then the expression of asymmetric genes in the node should be predictive of subsequent nodal expression (Figure 2 ). At a time when the L-R identity of the node is not fixed, our experiments showed that signals from adjacent tissues instruct its L-R orientation at stage 4 after rotation, which would lead to embryos with left-sided nodal ( Figure 2A ). However, at mal, left-sided pattern of nodal expression (Figures 4A and 5) . Thus, rotating the node at stage 4 had no adverse effect on the L-R patterning of the LPM. In sharp cononce positional information is established at the node, trast, when the rotations were performed at stage 5, the node is then responsible for determining the L-R only 9% of the embryos (n ϭ 11) exhibited left-sided asymmetry in the LPM; at both stages examined, the nodal expression. The remaining embryos had either a side on which nodal is expressed follows that on which bilateral pattern of nodal expression or were completely Shh is expressed. right sided (Figures 4A and 5) . Among the embryos with Taken together, our node rotation experiments evibilateral nodal, almost half had a pattern where the sigdence a change between stages 4 and 5 in the way that nal was stronger on the right side. The observation of the node behaves when rotated and in the effect that nodal expression in the right LPM in almost all of these this rotation has on the embryo's L-R pattern. Correct embryos suggests that the rotated stage 5 node be-L-R orientation is reestablished in nodes rotated at stage haves according to its new orientation, further indicating 4, while nodes rotated at stage 5 retain their L-R posithat its L-R information was already fixed at the time of tional identity. These experiments, however, cannot determine whether it is the peripheral tissue that has surgery. Moreover, these data strongly suggest that, changed in its ability to instruct the node or whether the positional information. To be consistent with our surgical results, Shh would not only have to be asymmetrically node is no longer able to respond to signals from the periphery when the surgeries are executed at stage 5.
expressed at stage 5 but would also have to signal to lateral tissue at this stage. To examine this, we analyzed To address this, we performed heterochronic transplants of nodes from stage 4 embryos that were rotated the expression pattern of Patched (Ptc), the receptor for Shh (Marigo et al., 1996a; Stone et al., 1996) and a in stage 5 hosts and vice versa. The results of these experiments are shown in Figures 4B and 5. When nodes universal marker for hedgehog signaling (Goodrich et al., 1996; Marigo et al., 1996b ) ( Figure 1B ). Prior to stage from stage 5 embryos were transplanted into stage 4 hosts, the majority of the embryos either had left-sided 5ϩ, Ptc is expressed at low levels uniformly around the node and its periphery, reflecting the low level of nodal expression or bilateral nodal expression with stronger expression on the left. Thus, the stage 5 node expression of Shh throughout the early node. As Shh begins to exhibit strong asymmetric expression at stage can still be influenced by the signals from the periphery of the stage 4 environment. Since similarly staged nodes 5ϩ, Ptc also becomes asymmetric on the left side of the embryo just lateral to the node. Ptc is also localized do not regulate when rotated in situ in a stage 5 environment, this indicates that the influence from the periphlateral to the midline where Shh is expressed in the notochord, as has been previously described (Marigo eral tissue declines by stage 5.
In the reciprocal experiment, stage 4 nodes transand Tabin, 1996) . Since high levels of Ptc demarcate regions of ongoing Shh signaling, this indicates that the planted into stage 5 hosts resulted in all embryos except one (n ϭ 6) showing no nodal expression. We interpret L-R asymmetric activity of Shh becomes significant at stages 5-5ϩ. these results to mean that the stage 4 node does not carry L-R information. Since the peripheral signals are
The ability to induce nodal with ectopic Shh and the timing and location of endogenous Shh signaling are all weak or absent by stage 5, no asymmetric information is ever established in these nodes, and, hence, they consistent with it playing a role in controlling asymmetric nodal expression in the chick. However, the lack of cannot provide the asymmetric signal to induce expression of downstream nodal. The results further imply that asymmetric expression of Shh in the mouse (Collignon et al., 1996) and the lack of laterality defects in the Shh at stage 5 the future LPM is not committed to its L-R identity: in the presence of a node that lacks L-R informutant mouse (Chiang et al., 1996) raise doubts about this presumption. To directly address whether endogemation, nodal is not induced in the left LPM.
nous asymmetric signaling by Shh is required for nodal expression in the LPM, we made use of a blocking antiShh Is Necessary to Induce Asymmetric Gene Expression in the Chick LPM body that has been previously demonstrated to prevent Shh signaling in vivo and in vitro (Ericson et al., 1996) . Our isochronic and heterochronic node rotation experiments reveal a transfer of information from the periphWe soaked beads in the blocking monoclonal antibody against Shh and placed them on the left side of the node eral tissue (stage 4) to the node (stage 5). Only after stage 5 does the L-R orientation of the node determine at stage 5. This is the time that we had established as being critical for nodal regulation by Hensen's node and the side on which nodal is induced. Stage 5 is also the stage when Shh is first expressed asymmetrically. Since the time at which asymmetric Shh signaling is first seen. A second set of embryos was implanted in parallel with ectopic Shh placed on the right side of Hensen's node is capable of inducing ectopic nodal in the right LPM beads soaked in a similar concentration of a control monoclonal antibody. We then performed in situ hybrid- (Levin et al., 1995) , we reasoned that endogenous Shh might be more than a molecular marker for node asymization with the nodal probe, keeping treated and control embryos together in the same vial to maintain equivalent metry; it could, in fact, be the critical asymmetric determinant within the node in transmitting downstream L-R hybridization conditions ( Figures 6A and 6B) . Our results of embryos in which nodal expression was repressed represented instances where enough of the monoclonal antibody remained in the tissue around the node to block signaling once asymmetric gene expression was initiated. We also analyzed similarly treated embryos for the expression of cSnR, another gene that is asymmetrically expressed in the LPM (Figures 6C and 6D ). cSnR was recently described as being involved in L-R axis determination in the chick (Isaac et al., 1997) . It is initially bilaterally symmetric at stage 5 and then down-regulated in the left LPM. Isaac et al. (1997) provide evidence that this is likely due to the emerging expression of nodal. At stage 8, when the asymmetry is most pronounced, cSnR is only expressed in the right LPM, although the gene continues to be strongly expressed in the somites on both sides of the embryo. In situ hybridization for the cSnR probe showed that embryos treated with the blocking antibody, which therefore presumably lacked nodal expression, exhibited bilaterally symmetric cSnR ( Figure 6D ). In contrast, control embryos showed the expected asymmetry of cSnR in the LPM. These results support previous suggestions that nodal down-regulates the expression of cSnR in the left LPM and further strengthens the view that Shh signaling is essential for subsequent gene interactions that lead to the establishment of the L-R differences in the LPM.
To verify that the blocking antibody was indeed preventing endogenous asymmetric Shh signaling in these experiments, we treated a parallel set of embryos with anti-Shh at stage 5 and analyzed them at stages 6-7 for the expression of Ptc (Figures 6E and 6F) . None of the embryos (n ϭ 4) treated with anti-Shh showed the asymmetric expression of Ptc next to the left side of the node (green arrowhead), while all control embryos (n ϭ 4) exhibited the normal expression pattern. Interestingly, the treatment also resulted in a shift of Ptc expression from the periphery of the notochord to the midline of the embryo ( Figures 6E and 6F , red arrows). It has been previously shown that Ptc is expressed at high levels within the notochord when it first forms, in response to Taken together, our results show that Shh signaling is necessary to induce nodal in the left LPM and demonshowed that 100% (n ϭ 12) of the embryos treated with strate that Shh has an endogenous role in the establishanti-Shh exhibited no expression of nodal. In contrast, ment of L-R asymmetry in the chick embryo. all except one of the control embryos (n ϭ 7) showed the normal robust, left-sided expression pattern of this A Relay of L-R Positional Information gene (the one control embryo that showed an aberrant from the Node to the LPM pattern had bilateral nodal). This effect was also stage Our data demonstrate that Shh expression in the node specific, since experiments using embryos at stage 4 is necessary for the induction of nodal in the LPM. Howresulted in a lower (30%, n ϭ 30) number of embryos ever, examination of Ptc expression, which is believed lacking nodal, while all control embryos (n ϭ 16) showed to be a very sensitive marker for cells actively responding to hedgehog signals (Goodrich et al., 1996; left-sided nodal (data not shown). Presumably, the 30% Left and right LPM was explanted in the absence and presence of paraxial and midline tissue. After incubation for 8 hr, nodal expression in the explants was analyzed by RT-PCR. When explants were performed at stage 5, nodal was only induced if the explants were performed including the paraxial and midline tissues. When beads soaked in Shh were coincubated with right LPM in the presence of the paraxial and midline tissues or just paraxial tissue, nodal was induced in the LPM explants. When the beads were incubated with right LPM alone, nodal was never induced. At stage 6 the left LPM expressed nodal both in the absence and the presence of the paraxial and midline tissues. Marigo et al., 1996b) , indicates that Shh only directly Shh with LPM explants alone, nodal was never induced. However, when we coincubated Shh-soaked beads with acts over a fairly short distance in cells adjacent to the node ( Figure 1B ), even as late as stage 7 when nodal explants of right-side LPM together with paraxial tissue, but in the absence of the midline, nodal was induced. expression becomes detectable. When nodal is first induced, it is activated in a small mesodermal domain
We interpret these results to mean that Shh can only induce nodal in the LPM via a secondary signal whose contiguous with the epiblast cells expressing Shh in the node (Levin et al., 1995) . This small domain correlates activity likely resides within the cells in the paraxial tissue immediately adjacent to the midline. well with the area of cells expressing Ptc. However, nodal expression in the LPM is discontinuous both spaWhile the identity of this secondary signal is currently unknown, we addressed the timing of its action by retially and temporally from the Ptc/nodal domain adjacent to the node. We therefore wanted to address whether peating these experiments at later stages of embryogenesis. When we performed explants at stage 6 (Figure 7 ), Shh is capable of directly inducing nodal in the LPM.
We explanted left and right LPM in the absence and nodal was correctly induced in the left LPM, even in the absence of paraxial tissue and midline. This is after the presence of the paraxial tissue and midline at stage 5, since our heterochronic node rotation experiments had stage when Shh first signals to the perinodal mesoderm at stage 5ϩ (as assesed by the induction of the downdetermined this to be the time when the node was committed to left-sided Shh expression but LPM was not stream target Ptc), but before the asymmetric expression of nodal is evident in the LPM at stage 7. These yet committed to nodal expression. In preparing the explants, care was taken to ensure that the LPM was results suggest that stage 6 may be the time when the LPM becomes committed to its L-R fate via the influence free of both the midline itself and paraxial tissue. After incubation for 8 hr in vitro, nodal expression was anaof secondary signals downstream of Shh. lyzed by RT-PCR (Figure 7) .
Explanting left and right LPM at stage 5 leads to no Discussion induction of nodal if done in the absence of paraxial tissue and midline influences. However, when LPM from
We have used a variety of experimental manipulations to elucidate aspects of early L-R asymmetric signaling same-stage embryos was explanted along with the midline and paraxial tissue, nodal was correctly induced on in the chick embryo. Our results allow us to formulate a model for the interactions between the peripheral tissue, the left. These results agree with our findings from the node reversals, suggesting that, at stage 5, the LPM is the node, and the LPM during transmission of L-R information (Figure 8) . In a stage 4 embryo, the node carries not yet committed to its L-R fate. These findings contrast with those of Lohr et al. (1997) , who showed that in no fixed L-R identity. The uniform distribution of low level Shh expression at this stage is in agreement with similar lateral explants of Xenopus embryos, nodal is activated in both left and right LPM in the absence of this interpretation. Induction of Shh on the left as well as inhibition of Shh on the right is initiated by the peripheral the midline. Thus, chick and Xenopus may differ in this aspect of L-R asymmetry generation.
tissue at this time (red arrows and lines). Thus, if the node is rotated at stage 4, the peripheral tissue is able We next asked whether Shh is capable of inducing nodal direclty in the LPM. When a bead soaked in Shh to impart the correct L-R information to it ( Figure 8B ). The transmission of L-R information could involve interprotein was coincubated with right-sided tissue in the presence of the midline and paraxial tissue, nodal was cellular signaling from paraxial tissue or be conveyed by lateral cell migration into the node. The emerging subsequently induced in the right-side LPM. This is consistent with previous data that beads soaked in Shh asymmetry of Shh in the node reflects its acquisition of L-R identity, as its cells continue to express Shh can induce right-sided nodal expression when placed adjacent to the node in intact embryos (Levin et al., according to their original orientation when the node is rotated at stage 5. After this time, the influence of the 1995). Strikingly, when we coincubated beads soaked in Figure 8 . Model for the Transmission of L-R Information between the Peripheral Tissue, the Node, and the LPM during Development (A) In a developing embryo, the stage 4 node carries no L-R information. The peripheral tissue provides L-R information to the node either by inductive signals or by cell migration (red arrows) such that at stage 5 the expression of Shh (magenta dots) is strongly induced on the left and inhibited from the right. As the node gains L-R information, the peripheral tissue loses its influence on the node (represented by the decreasing size of the arrows), while the node in turn acquires the ability to signal back to the lateral tissue (green arrows). At stage 6, the embryo is committed to express nodal in the left LPM via the induction of a secondary signal product on the left (green dots) in the area lateral to the node. This leads to the subsequent (stage 8) robust, left-sided expression of nodal in the LPM (blue dots). (B) When the node is rotated at stage 4, the peripheral tissue is able to reinstruct it to the correct L-R orientation, leading to left-sided Shh expression and subsequent left-sided nodal in the LPM. (C) When the node is rotated at early stage 5, the peripheral tissue is still partly able to reinstruct the node, but some cells have already comitted to express Shh in what is now the right side of the node, leading to embryos with bilateral patterns of nodal expression. (D) If the node is rotated at stage 5ϩ, the weak influence from the periphery is not sufficient to reinstruct the node, and the inverted L-R information within the nodes results in right-sided nodal expression. peripheral tissue is waning; hence, in many cases, emInitiation of Embryonic Asymmetry bryos exhibit bilateral nodal that is stronger on the right.
Our data reinforce the importance of the node in estabFollowing node rotations at stage 5ϩ-6, the peripheral lishing L-R asymmetry in the chick embryo. Several tissue is no longer able to influence the L-R patterning other studies have also suggested that the node/orgaof the node (Figure 8D ), resulting in embryos with only nizer region plays a crucial role in the establishment right-sided expression of nodal. Similarly evidencing the of L-R differences. In Xenopus, Nascone and Mercola absence of influence from the periphery at later stages, (1997) showed that L-R asymmetry is locally oriented heterochronic transplants of stage 4 nodes into the late when a secondary organizer is induced by Wnt signaling stage 5 environment resulted in no nodal induction.
molecules. Similarly, the localized expression of leftAt the same time as the peripheral influence on the right dynein (lrd) transcripts in the mouse node is consisnode starts to fade at stage 5, the node starts to signal tent with this structure playing an important role in the back to the adjacent mesoderm. Shortly after Shh exestablishment of the L-R axis . Howpression is induced within the left side of the node, we ever, our data demonstrate that L-R positional informaobserve strong expression of the target gene Ptc in the tion does not arise de novo within the node; rather, it adjacent tissue. Some secondary signaling mechanism is instructed from adjacent tissue. This suggests the is required to induce nodal, as both the distance to the possibility that there is a distinct "organizer" of L-R infor-LPM and the confinement of the Ptc expression domain mation independent of the node, which plays an analato paraxial tissue argue against a direct action of Shh.
gous function to the role of the node in establishing the Moreover, application of Shh protein to LPM explants A-P axis. Evidence for such an L-R organizer has been demonstrate that Shh is not capable of inducing nodal obtained by an independent series of experiments with direclty in the LPM. By stage 6, the LPM is committed Xenopus embryos (Hyatt and Yost, 1998 [this issue of to its L-R fate, as explants of LPM alone at this stage Cell]). go on to express nodal in a normal manner without further midline influence. The hypothesized secondary Shh and the Asymmetric Genes in the Node signal must be capable of being transmitted over a long
In response to signals from adjacent tissue, asymmetric distance: not only does it have to extend the width of expression of Shh is induced within Hensen's node. We the medio-lateral axis, but it also has to induce nodal show here that Shh is responsible for endogenously throughout the A-P extent of the embryo. Nodal, a TGF␤ inducing the downstream asymmetric gene nodal in the family member, could have in principle participated in chick. Although previous experiments had shown that such an induction in an autocatalytic manner. However, Shh has the ability to ectopically induce nodal, the quesit has been previously shown that nodal cannot induce endogenous nodal expression in the LPM (Levin, 1996 (Ekker et al., 1995; Collignon et al., 1996) . Moreover, the Chick embryos (Spafas) were incubated at 38ЊC for around [20] [21] [22] [23] [24] mouse carrying a targeted mutation in Shh shows no hr until they reached stages 5 to 6 (Hamburger and Hamilton, 1951) . Embryos were then explanted into Pannet-Compton Saline (Pannet situs defects (Chiang et al., 1996) . This raised the possiand Compton, 1924) and placed into glass ring preparations acbility that, in the chick, the effect of ectopic Shh upon cording to the procedure of New (1955) . For node rotations, embryos nodal might not reflect an endogenous activity. (Sampath et al., 1997). While Bhh produced abnormal A square was cut around the node, and a pipetman was used to gently aspirate the node into a 20 l pipette tip, after which the Xnr-1 patterns in 23% of the embryos, Shh did so in donor embryo was discarded. The host embryo was positioned only 11% of the cases. The effect of Shh, in fact, fell at under the microscope, and the donor node was released on top of the boundary of statistical significance. Perhaps a soit. While floating in the drop of saline, the node was easily manipufar unidentified member of the hedgehog family plays lated to an orientation with its ventral side up and its A-P axis an equivalent role in the mouse and frog to Shh in the reversed with respect to the host embryo (both D-V and A-P differchick L-R asymmetry pathway. Alternatively, it should ences in the shape of the node are clear upon close microscopic examination). Once the node lay oriented in the desired manner be noted that, as in the chick, a small patch of nodal next to the midline of the host embryo, the accumulated fluid was expression is found adjacent to the node in mouse and suctioned and a square of similar size was cut around the node of frog embryos. However, unlike the chick, in these other the host. When loose from the tissue of the host, its node was two species the small domain of nodal is initiated in a aspirated away, leaving a hole where the donor's node was posibilaterally symmetric pattern. Thus, direct regulation of tioned. Again, embryos were allowed to heal at room temperature nodal expression by Shh may indeed be conserved in before placing them at 38ЊC. Only those embryos that had healed perfectly (i.e., no holes were detected) were utilized for further analythe various species studied, although, unlike the chick, sis. A total of 316 embryos were operated on, from which 73 healed this perinodal Shh-dependent expression of nodal may well and thus were used for further analysis.
have no relationship to the asymmetric LPM expression.
Embryos used for LPM explants were prepared in essentially the same manner as above until placed in the rings. The embryos were then overlayed with Chick Embryo Medium (CEM: DMEM a-modifi- (personal communication). This contrasts with the results obtained in Xenopus, where both left and right LPM expressed Xnr-1 after being explanted in the absence
Commitment of the LPM to Express

DiI Labeling
To follow cell migration after node rotations, small groups of cells of the midline. This discrepancy most likely reflects a were labeled with DiI (1,1'-dioctadecyl 3,3,3Ј,3Ј-tetramethyl indocardifference in the L-R pathway between the two species. bocyanine perchlorate; Molecular Probes) applied as a 0.025% solu- Lohr et al. (1997) suggest that a factor from the midline tion in 0.3 M sucrose/10% ethanol as described in Psychoyos and represses nodal in the right LPM such that it is ex- Stern, 1996 . Briefly, embryos were prepared as described above, pressed exclusively on the left. Thus, contrary to the and a small bolus of DiI solution was injected by air pressure through chick, Xnr-1 asymmetry seems to be generated through a glass needle either in the ectoderm within 100 m lateral to the node, in the primitive streak within 100 m posterior to the node, a repression mechanism. The recent demonstration that or in the left side of the node itself. Node rotations were then perhedgehog proteins (Shh and Bhh) can induce nodal in formed and the embryos allowed to heal. Prior to returning the Xenopus is therefore puzzling and would argue that at embryos to the incubator, they were visualized under fluorescence least some aspects of the L-R pathway are conserved.
illumination to ensure that the labeling was accurately done. EmInterestingly, the L-R perturbations caused by Shh and bryos were harvested when they reached stage 7 and fixed in 4%
Bhh included right-sided Xnr-1 as well as no Xnr-1 (in paraformaldehyde overnight. After three washes in DEPC-treated PBS, they were mounted on depression slides, visualized under addition to bilateral Xnr-1, as is the case with ectopic
